Climate change is expected to intensify the hydropower production in East Africa. This research investigates the runoff and energy production in the current and future climate for the Tekeze hydropower plant located in the Tekeze river basin in the northern part of Ethiopia. The rainfall-runoff model HBV and the hydropower simulator nMAG were used to generate runoff and energy production in the current and future climate. A combination of five regional climate models and seven global climate models from the Coordinated Regional Climate Downscaling Experiment were used to generate bias-corrected scenarios for the future climate. The result shows an increase in future runoff which was shown to be due to an increase in precipitation. However, the current operational strategy of the power plant did not utilize the future runoff in an optimal way. Therefore, based on the projected future inflow, we have developed a new reservoir operational strategy to preserve water for power production. As a result, the energy production was increased, and the flood spill from the reservoir reduced. This shows the need to adapt the hydropower production system to the future flow regimes to get the most out of the available water.
INTRODUCTION
Ethiopia is a country with abundant water resources that can be harnessed to meet the fast growing demands for energy for sustainable development of the society. The country is endowed with hydropower potential of 45,000 megawatt (MW), which is the second largest in Africa. At the time of writing, more than 83% of the population in Ethiopia does not have access to electricity, and more than 94% of the population relies on wood as the main energy source for cooking and heating (Tegenu ) .
Hydropower production is projected to increase in some regions and decrease in other regions of the world (Hamududu & Killingtveit ) . Hamududu et al. () , in a review of hydropower and climate change, found that the scenarios for East Africa showed increased hydropower production while most of Southern and West Africa would have a reduction of hydropower production. Results from a previous study in Ethiopia linking climate change, hydrology and hydropower showed that lack of adaptation of the climate change for energy development will lead to a potential loss in hydropower production (Block & Strzepek ). Kim & Kaluarachchi () found that the hydropower potential of the northern part of the Blue Nile Basin will increase due to an increase in the mean annual runoff and a joint dam operation management practice will benefit both downstream countries and the Blue Nile Basin in terms of hydropower, water supply and water storage. Management of water resources will be important in the future, and here reservoir operation is important for hydropower, irrigation, water supply and flood control. King Uncertainties in projected changes in the hydrological systems arise from internal variability in climate, uncertainty about future greenhouse gas and aerosol emissions, the translations of these emissions into climate change by global climate models (GCMs), the spatial scale and hydrological model uncertainty (Bates et al. ) . The biases in precipitation simulated by the RCMs should be post-processed, so that it produces trustworthy results at local scale. The common approaches of climate post processing are mainly to correct the climate data, so that it shows statistical similarity with the observed data, a technique usually termed downscaling (Teutschbein & Seibert ) . Gudmundsson et al. () found the non-parametric transformation to give the best performance in minimizing RCM biases for precipitation.
According to Mengistu & Sorteberg () , among the three Eastern Nile basins (Abbay, Baro-Akobo and Tekeze), Tekeze was more sensitive to an increase in rainfall, while Baro-Akobo showed sensitivity signs for a reduction in rainfall, and the sensitivity of discharge to rainfall and temperature changes is different among the three basins. Recently, a paper by Gebremicael et al. () , a work done for the Tekeze river basin, showed that the changes in streamflow were not affected only by rainfall but also by other catchment characteristics such as changes in land use and upstream watershed managements. The hydrological response to climate change for Gilgel Abay river, in the lake Tana basin of Ethiopia using HadCM3 GCM and the A2a and B2a climatic scenarios for the period 2010-2100, showed that the mean annual rainfall at lake Tana will decrease in the period 2010-2040 and increase during 2070-2100, and the seasonal rainfall will increase during the rainy months June-September (Dile et al. ) . For the upper Blue Nile river basin, Gebre & Ludwig () found that the ensemble mean of monthly and seasonal precipitation will increase in the future over the basin, and the historical mean monthly precipitation from GCMs showed good agreement with the observed data. Results from two different lumped conceptual hydrological models, a total of 17 GCMs for A1B and B1 GHG emission scenarios for Nyando and lake Tana catchments in the Nile river basin, showed a wide range of simulated results in rainfall, maximum and minimum temperature (Taye et al. ) . Furthermore, wider signals were shown for rainfall than temperature and the study concluded that using few GCMs will result in an unreliable outcome due to uncertainties in the model results and recommended using ensemble mean of several models to better reduce the uncertainty of the climate models (Taye et al. ) .
The aim of this paper is to assess the hydrology and energy production of the Tekeze hydropower system in the current climate and the inflow and potential production for the future climate. Based on this, the need to develop a new operational strategy for future climate aiming at improving the energy production given future inflow and the possibility to adapt the Tekeze hydropower system to the future will be discussed.
METHODS AND ANALYSIS

Description of the study area
The Tekeze river basin is one of the 12 river basins located in the northern part of Ethiopia between latitude 12.5- The main steps or frameworks followed in this study are:
( scheduling and re-simulate energy production and flood spill, to evaluate if a changed operational schedule is needed to increase the benefit from future production.
Hydrology model
The HBV model (Bergström ) (Table S1 ).
The areal precipitation was computed using Thiessen polygon-based weights from the six gauging stations and the areal average precipitation was used as input for the HBV model. The observed discharge was available from 1995 to 2001. The first four years were used to calibrate the model and the remaining three years were used for model validation. The model performance was evaluated using the Nash-Sutcliffe criterion together with visual inspection of plots of observed and simulated discharge, and by evaluating accumulated difference between observed and modelled discharge.
Integrating current and future climate
The CORDEX data from the Earth System Grid Federation (https://esg-dn1.nsc.liu.se/search/esgf-liu/) were used for climate change analysis. For this study, five different RCMs are used in combination with seven driving models These 12 combinations were used as a basis for the hydrological analysis to provide a range of output to quantify the uncertainties. The GCM and RCM models and institutions running the models with their abbreviations used in this study are presented in Table 1 . All models used in this study are run with two emission scenarios (Rcp4.5 and Rcp8.5) for the African domain.
In this study, the resolution of RCM grids was ∼50 km by ∼50 km, and an average precipitation and temperature of each grid cell that falls within the catchment boundary was computed for the historical period and for the projected scenarios (2025-2049, 2050-2074 and 2075-2099) . The data were corrected for bias errors using Table 2 . This shows that the quantile mapping bias correction method applied in this study was reasonable.
Hydropower simulation
The purpose of hydropower is to meet electricity demand, but supplying water, control floods and other objectives may also be important in a multipurpose reservoir goal. To achieve such goals, storing of water in reservoirs is vital, and a regulation reservoir typically follows a certain strategy of filling and releasing of water. This is defined as the operational strategy of the hydropower production system, and this strategy should handle the varying inflow and demands throughout the year. For assessing the change of flow due to climate on hydropower production, we used the hydro- 
RESULTS
The calibration (1995) (1996) (1997) (1998) During the first two years, the model underestimates the flow which could be due to the reason that the climate 1995-1998) and model validation (1999-2001) . First row is the result after calibrating the model with NSE of 0.81 and accumulated difference of À28 mm.
The second row is the model validation result (NSE ¼ 0.78 and accumulated difference ¼ À59 mm). Table 3 .
Changes in streamflow for Tekeze river basin
The results of mean monthly runoff for three future periods (2025-2049, 2050-2074 and 2075-2099) for all driving models and scenarios are presented in Figure 3 . From these results, RCP8.5 predicts a higher streamflow to
Tekeze river basin than the RCP4.5. In the middle period Table 4 . The increase in mean monthly inflow and mean annual volume is shown to be due to an increase in the future rainfall predicted by the climate models.
Changes in future energy production and flood spill for
Tekeze hydropower plant
Using the current operational strategy, the nMAG program was tested against observed production for the observed discharge. The results show that the mean annual simulated production using seven years of discharge (1995) (1996) (1997) (1998) (1999) (2000) (2001) was 1,276 Gigawatt hours (GWh), the simulated energy production over the extended historical baseline period ) was 1,171 GWh, and the observed/measured energy production of five years (September 2009-August 2014) was 1,151 GWh which is 2% lower than the simulated production. The modelled production is therefore considered to be in good agreement with observations. With the current operational schedule, the ensemble mean of climate models showed a slight increase in future energy production as compared to the current period. Similarly, using the current operational schedule, the mean monthly flood spill from the reservoir increases during the long rainy season (July-October). As a result, a new reservoir operational strategy in the form of a reservoir guide curve (Killingtveit & Saelthun ) was developed by using the future inflow from the ensemble mean of models as a basis (Figure 4 ).
The reservoir guide curve starts at a filling of about 60% in early January and draws down the reservoir until early June to have capacity to store the inflow during the rainy season with a full reservoir expected in early September and then a reduction to 60% filling at the end of the year.
The current operational schedule (unconditional power production) in the nMAG model was modified by the new Figure 4 | Reservoir operational scheduling curve developed for the future inflow. The curve is developed using inflow from the ensemble mean of models, and it is the technique used to modify the current operational scheduling. Nor-RCA4 7,431 7,532 7,018 7,259 7,997 8,494
Ensemble Mean 5,735 5,728 5,638 5,878 6,001 6,023 reservoir operational rule curve, and the simulations of production and flood spill were redone.
Using the newly modified operational schedule, all GCM-RCM combinations showed an increase in mean annual energy production as compared to the production from the current operational schedule. The results of the mean annual energy production for the future compared with the current and modified reservoir operational strategy are shown in Figure 5 . Besides, the percent increase in energy production due to the implementation of the newly developed reservoir operational strategy is summarized in Table 5 .
On the other hand, after modifying the current operational strategy, the flood spill from the reservoir decreases for all driving models. In all future periods, the flood from the reservoir is available only in the rainy and late rainy months (July-October). In all future periods, during this rainy season, the reduction in mean monthly flood spill for Rcp4.5 ranges from 4% to 100%. Similarly, for Rcp8.5, the mean monthly flood spill reduces from 1% to the highest reduction 100%. The percent of reduction in flood spill after modifying the operational scheduling is summarized in Table 6 .
DISCUSSION AND CONCLUSIONS
The rainfall-runoff model (HBV) calibration results were satisfactory for this study as the main purpose was to simulate The future energy production from Tekeze hydropower plant was assessed, and we found that there is no significant change in production in the future period using the same reservoir operational strategy as today. The main reason for this is the increased flood spill from the reservoir during the rainy season. These results were shown to be due to an increase in future inflow to the system, and running the hydropower on the current operational strategy will not utilize the water in an efficient way with a large amount of water spilled from the reservoir. This shows the need to develop a better hydropower scheduling strategy to adapt the future inflow. For this purpose, we developed a new reservoir operational strategy based on the future inflow pattern which is used to manage the incoming flow.
Thus, the newly modified reservoir operational strategy made it possible for the hydropower system to utilize most of the incoming future inflow for both energy production and thereby reduce flood spill. This shows the importance of adaptation to the changes in future inflow. According to Jjunju & Killingtveit () , the increase in inflow due to climate change observed in East Africa cannot be fully utilized on the present system and the existing reservoir operational rules have to be upgraded to exploit the increased future inflow.
A reservoir filling policy has been suggested as a crucial strategy for regional policy makers and stakeholders to uphold the function of reservoirs in the future climate by King & Block () , and the findings from this study confirm that view. There was not much research done on adaptation strategies in the region and in our study, we developed a climate adaptation mechanism or strategy that is based on the projected streamflow and it showed strong signs of the need for future adaptation mechanisms. The management practices could further be integrated with sediment, flood, irrigation and water supply practices. Therefore, for better management and operation of future inflow, an assessment tool like the nMAG model applied in this project should be used to evaluate energy production and reservoir performance, and to provide a basis for finding the best adaptation strategies. Such an integrated assessment tool will provide benefits both for developers and regional managers.
In this study, the land use and hydrological parameters for future time simulations are considered the same as the present time. There is uncertainty in our modelling results, which is due to the uncertainty in the GCM-RCM, and to address this we have used as many models as we can so that it will be possible to visualize the wider range of uncertainties due to climate models. Another uncertainty is related to hydrological parameters, and excluding poten- 
